Abstract: Cryogenic autolysis is a typical phenomenon of abnormal metabolism in Volvariella volvacea. Recent studies have identified 20 significantly upregulated genes via high-throughput sequencing of the mRNAs expressed in the mycelia of V. volvacea after cold exposure. Among these significantly upregulated genes, 15 annotated genes were used for functional annotation cluster analysis. Our results showed that the cyclin-like F-box domain (FBDC) formed the functional cluster with the lowest P-value. We also observed a significant expansion of FBDC families in V. volvacea. Among these, the FBDC3 family displayed the maximal gene expansion in V. volvacea. Gene expression profiling analysis revealed only one FBDC gene in V. volvacea (FBDV1) that was significantly up-regulated, which is located in the FBDC3 family. Comparative genomics analysis revealed the homologous sequences of FBDV1 with high similarity were clustered on the same scaffold.
Abstract: Cryogenic autolysis is a typical phenomenon of abnormal metabolism in Volvariella volvacea. Recent studies have identified 20 significantly upregulated genes via high-throughput sequencing of the mRNAs expressed in the mycelia of V. volvacea after cold exposure. Among these significantly upregulated genes, 15 annotated genes were used for functional annotation cluster analysis. Our results showed that the cyclin-like F-box domain (FBDC) formed the functional cluster with the lowest P-value. We also observed a significant expansion of FBDC families in V. volvacea. Among these, the FBDC3 family displayed the maximal gene expansion in V. volvacea. Gene expression profiling analysis revealed only one FBDC gene in V. volvacea (FBDV1) that was significantly up-regulated, which is located in the FBDC3 family. Comparative genomics analysis revealed the homologous sequences of FBDV1 with high similarity were clustered on the same scaffold.
However, FBDV1 was located far from these clusters, indicating the divergence of duplicated genes. Relative time estimation and rate test provided evidence for the divergence of FBDV1 after recent duplications. Real-time RT-PCR analysis confirmed that the expression of the FBDV1 was significantly up-regulated (P , 0.001) after cold-treatment of V. volvacea for
INTRODUCTION
Volvariella volvacea is an important edible mushroom that has been cultivated for more than 300 y. V. volvacea is a tropical fungus that requires high temperatures (28-35 C) for vegetative growth and fruiting (Sun et al. 2006) . Temperatures below 15 C cause damage to the fruiting body and adversely affect the viability of the V. volvacea mycelia (Bao et al. 2013) . Routine storage at low temperatures (4 C) causes autolysis of the V. volvacea mycelium, and the fruiting body becomes soft, liquified and even rotten (Chang 1978) . Thus cryogenic autolysis is a typical phenomenon of abnormal metabolism.
In previous studies the cloning and isolation of cold-induced genes (Chen et al. 2001 , Guo et al. 2004 were employed to study the cryogenic autolysis of V. volvacea. Knowledge of cold-induced genes such as the cold-induced plant COR gene (Artus et al. 1996) was further used to analyze the expression of these genes (Qiao et al. 2009 ). However, cold-induced genes from other species do not represent the molecular features found in V. volvacea. Genome sequencing and gene annotation of multiple edible fungi, especially V. volvacea (Bao et al. 2013) , have enabled the investigation of the molecular mechanism of the cryogenic autolysis of V. volvacea at the genome level.
In the present study the mycelia of V. volvacea (V23 strain) were subjected to 4 C for 0, 2 and 4 h. Highthroughput sequencing was then carried out to detect the mRNAs expressed in each phase to study the cryogenic autolysis of V. volvacea (Bao et al. 2013) . The mRNA expression observed in cold exposed V. volvacea is representative of the molecular features of cryogenic autolysis, which constitutes the basis for our study of cryogenic autolysis.
MATERIALS AND METHODS
Functional annotation clustering analysis.-The foundation of enrichment analysis is that, if a biological process is abnormal in a given study, the co-functioning genes should exhibit a higher potential (i.e. enrichment) to be selected as a relevant group via high-throughput screening technologies (Huang da et al. 2009a, b) . Based on this type of analysis, cold-induced gene expression profiles were determined via high-throughput sequencing analysis of mRNAs expressed in the mycelia of V. volvacea (V23 strain) after exposure to 4 C for 0, 2 and 4 h (Bao et al. 2013) . DEGseq software (Wang et al. 2010 ) was used to normalize the data and assess significant differences in gene expression, and |log 2 (fold-change)| $ 1, FDR , 0.001 was used as a threshold to determine significant changes at 2 and 4 h. InterproScan was employed for functional annotation. PFAM (http://pfam.sanger.ac.uk/) was used for PFAM ID information analysis. DAVID (Huang da et al. 2009b ) was employed to test the enrichment of biological processes in the significantly regulated genes (|log2(fold-change)| $ 1, FDR , 0.001). Because backgrounds containing large numbers of genes tend to give rise to more significant P values in enrichment analysis (Huang da et al. 2009b) , human genes (30 000 genes total) were used as a background. A modified Fisher's exact test was used to examine the significance of gene-term enrichment (Huang da et al. 2009b) . Only functional annotation clusters with P value , 1e 3 10 250 were considered to be enriched.
Protein family analysis.-Because basidiomycete and ascomycete fungi show independent evolutionary trajectories (Gong et al. 2013) , eight representative basidiomycete species in various niches were selected for comparative genomic analysis. The details regarding the generation of genomic data and the construction of the phylogenomic tree can be found in (Bao et al. 2013) . Multigene families were generated from all the predicted proteins in eight representative basidiomycete genomes using SCPS tools (Paccanaro et al. 2006 ) with the default settings (BLASTp, cut-off e-value # 1e 230 ). The cyclin-like F-box domain (FBDC) sequences present in the V. volvacea genome were obtained through InterproScan (http://www.ebi.ac.uk/interpro/) analysis. The homologous sequences of these FBDC sequences in V. volvacea were obtained via BLAST queries (BLASTp, cut-off e-value # 1e 235 ) in seven other representative basidiomycete genomes. The obtained homologous sequences and V. volvacea FBDC sequences then were subjected to BLASTp queries against the eight representative basidiomycete genomes (BLASTp, cut-off e-value # 1e 250 ). Next, the distribution of the multigene FBDC families was generated from BLAST query results with SCPS tools (Paccanaro et al. 2006 ) with default settings.
Phylogenetic analysis.-Protein sequences were aligned with Clustal W (Thompson et al. 1994 ) with default parameters. WAG model is best with respect to maximum-likelihood (ML) values in the phylogenetic inference from protein sequence data using ML estimation (Whelan and Goldman 2001) . Thus the topology of the phylogenetic tree was constructed via the ML estimation (bootstrap 5 1000, WAG + Gamma2) using MEGA 5 software (Tamura et al. 2011 ). The topology acts as the user-supplied topology for generating the following linearized tree.
Relative time estimation and rate test.-DNA sequences were aligned with Clustal W (Thompson et al. 1994 ) with default parameters for the relative time estimation and rate test. The linearized tree obtained under the assumption of a molecular clock can be useful to estimate the relative timing of sequence divergence events (Takezaki et al. 1995) . Thus ML branch lengths for all branching points in the usersupplied topology are estimated by assuming equal evolutionary rate among lineages (Tamura-Nei model + Gamma2) using MEGA 5 (Tamura et al. 2011) for generating the linearized tree. The analysis involved 17 nucleotide sequences. A total of 2035 positions were in the final dataset.
Sequences A, B and C (an outgroup) were selected for the Tajima's relative rate test (Tamura and Nei 1993) using MEGA 5. P value less than 0.05 is often used to reject the null hypothesis of equal rates between lineages. The analysis involved three nucleotide sequences. All positions containing gaps and missing data were eliminated. A total of 1529 positions were in the final dataset.
Analysis of qPCR assays.-To assess cold-induced gene expression in V. volvacea (Bao et al. 2013) , fungal mycelia from cultures of the V. volvacea strain V23 were grown in 250 mL flasks containing 100 mL potato dextrose broth (PDB) at 32 C for 4 d. The flasks were exposed to 4 C for 0, 2, 4, 6 and 8 h. The treated mycelia subsequently were collected and lyophilized and total RNA was extracted with the TRIzol reagent (Invitrogen) following the manufacturer's instructions. DNA was removed by treatment with RNase-free DNase, and cDNA was synthesized in a reaction mixture containing random primers (Invitrogen), a dNTP mixture, an RNase inhibitor, DTT, SuperScript III Reverse Transcriptase (Invitrogen) and DEPC-treated water. Realtime quantitative PCR (qPCR) was performed on a 7500 fast sequence detection system (Applied Biosystems, Foster City, California) following the manufacturer's instructions. The primers employed for qPCR are provided (SUPPLEMENTARY TABLE I ). The qPCR assay was performed in triplicate. Glyceraldehyde-3-phosphate dehydrogenase (GPD) gene expression is not induced by cold-stress treatment in V. volvacea (Sun et al. 2008) ; therefore GPD was used as a reference (GenBank accession number DQ140384) to normalize the expression of target genes. The relative quantification of transcripts was performed via the comparative CT method (2 2DDCT ), calibrated to GPD. One-way ANOVA, followed by the Holm-Sidak test for multiple comparisons, was conducted using SigmaStat Windows 3.5 to evaluate significant differences in the mean values between groups (P , 0.001). we employed this resource to analyze the functional annotation enrichment of the 15 PFAM ID information. We found two annotation clusters (P value , 1e 3 10 250 ) associated with FBDC and ubiquitinconjugating enzyme E2 (UBE2). The FBDC functional annotation cluster had the lowest P value (4.8e-69). These results indicate that FBDC is likely associated with the cryogenic autolysis of V. volvacea.
RESULTS

Enrichment
Obvious expansion of FBDC families.-On the basis of the contraction tendency of V. volvacea gene families (Bao et al. 2013) , the number of gene families was compared at different scales between eight representative basidiomycete species. The results revealed that an abnormal expansion of large families (.200 members) has occurred in V. volvacea (SUPPLEMENTA-RY TABLE II), which was observed for fam1, fam4 and fam6. Further analysis with InterproScan showed that the fam1 of V. volvacea consisted predominantly of FBDC genes. Together with the enriched FBDC functional annotation cluster identified with DAVID, the significant expansion of the FBDC genes in V. volvacea fam1 further indicates that FBDC is closely associated with the cryogenic autolysis of V. volvacea.
A total of 105 FBDC genes were identified in the V. volvacea genome through InterproScan analysis, and their homologous sequences were obtained via BLAST queries of representative basidiomycete genomes. The multigene families of the FBDC homologous genes identified with SCPS tools (Paccanaro et al. 2006) showed that the number of genes (211) belonging to FBDC families in V. volvacea was obviously higher than the average gene number (27) found in all other species (FIG. 2A) . Further hierarchical clustering revealed that the gene numbers of FBDC families were mainly enriched in V. volvacea (FIG. 2B) , such as those of the FBDC1, FBDC3, FBDC6 and FBDC7 families. Among these families, FBDC3 exhibited the maximum gene expansion (24) in V. volvacea (FIG. 2B) . (SUPPLEMENTARY TABLE III ). The FBDV1 is located in the FBDC3 family, which indicates that FBDV1 likely is associated with the cryogenic autolysis of V. volvacea.
BLASTp results (cut-off e-value # 1e
235
) indicated that existence of 25 homologous sequences of FBDV1 in V. volvacea. However, no homologous sequences of FBDV1 were found in other species. Further BLASTp queries of FBDV1 conducted in the NCBI nr database (cut-off e-value # 10 25 ) also revealed no sequences homologous to FBDV1. Thus, 17 homologous sequences of FBDV1 (VVO_06128) in V. volvacea were used for phylogenetic analysis. Obviously long and short sequences as well as sequences with a cut-off e-value $ 1e 250 were not included in the analysis to improve the accuracy of the phylogenetic tree. The phylogenetic tree clearly showed the existence of three groups (cluster 1, 2 and 3) (FIG. 3A) , located at the corresponding three scaffolds (VVO_S00011, VVO_S00006 and VVO_S00022, respectively). Analysis of the nucleotide percent identity showed that the homologous sequences of FBDV1 with high nucleotide percent identities were distributed in the two clusters on the VVO_S00011 scaffold (FIG. 3B) . However, FBDV1 (VVO_06218) was far from two clusters on the same scaffold (FIG. 3B) , indicating the divergence of duplicated genes.
The relative time estimation indicated that recent duplications resulted in the divergence of FBDV1 (VVO_06218), VVO_06196 and VVO_06181 (SUPPLE- MENTARY FIG. 1) . Together with the same scaffold distribution (FIG. 3B) , sequences A (VVO_06218), B (VVO_06196) and C (VVO_06181, an outgroup) were selected for the Tajima's relative rate test. The results revealed that the null hypothesis of equal evolutionary rate was rejected at an extremely significant level (P 5 0.00161). These observations provided evidence for the divergence of FBDV1 after recent duplications. (VVO_06218). The topology of the phylogenetic tree was constructed via the maximum likelihood estimation (bootstrap 5 1000, WAG + Gamma2) with MEGA5 software (Tamura et al. 2011) . VVO_06218 is indicated at the top in lightface gray (print image) or in red (online image). B. Genomic distributions of the homologous genes of FBDV1 in V. volvacea. ChromoMapper 1.0 (Niculita-Hirzel and Hirzel 2008) was used for plotting the genomic distribution. The three scaffolds were indicated by different background colors. The percent nucleotide identity between VVO_06218 and its homologous sequences was calculated with clustal omega (Sievers et al. 2011 ).
Real-time RT-PCR analysis confirmed that the expression of FBDV1 was significantly up-regulated by 4 h of cold treatment (FIG. 4 ; P , 0.001). The expression of FBDV1 showed the highest concentration at 4 h, when it was 3.56-fold higher than the concentration at 0 h. This provides additional support for the possibility that the FBDV1 is involved in the cryogenic autolysis of V. volvacea.
DISCUSSION
The FBDC proteins control protein stability and regulate a wide-variety of cellular processes by targeting diverse substrates for ubiquitination (Ho et al. 2006 ). The significantly up-regulated gene expression of FBDV1 observed after cold exposure (FIG. 4) indicates that FBDV1 may function in cryogenic autolysis through ubiquitination. In addition to the FBDC enrichment annotation cluster, UBE2 constituted another enrichment annotation cluster. Of note, UBE2 functions at the heart of the ubiquitin transfer pathway and is responsible for much of the diversity of ubiquitin cellular signaling (Wenzel et al. 2011) . Therefore the significant upregulation of UBE2 (Bao et al. 2013 ) and FBDV1 (FIG. 4) observed after cold-shock treatment of V. volvacea further suggests that low temperatures may induce protein ubiquitination and subsequently initiate myriad cellular processes.
Significant expansion of the three large (.200 members) gene families also has been found in fam4 and fam6 in addition fam1. Further analysis with InterproScan revealed that fam4 consisted mainly of NACHT nucleoside triphosphatases and fam6 consisted mainly of reverse transcriptase enzymes. The cryogenic autolysis of V. volvacea also may be associated with NACHT nucleoside triphosphatases or reverse transcriptase enzymes besides FBDC.
We also conducted the enrichment analysis of the functional annotation of the 33 significantly downregulated genes annotated with PFAM ID information with DAVID ( SUPPLEMENTARY FIG. 2) . We found four annotation clusters (P value , 1e310 250 ), which were associated with adenyl nucleotide binding, ATP binding, AGC-kinase and the heat-shock protein DnaJ. The first three clusters are all directly or indirectly correlated with ATP binding according to gene ontology annotations, suggesting that cryogenic autolysis of V. volvacea also may be correlated with the ATP binding.
Our observations indicate that the cryogenic autolysis of V. volvacea is not a simple process but instead involves complex and abnormal metabolic activities. The detailed molecular mechanisms of the cryogenic autolysis of V. volvacea require further elucidation.
Based on the gene expression profiling and comparative genomics analysis, we identified the specific FBDV1 that is closely correlated with the cryogenic autolysis of V. volvacea. Real-time RT-PCR analysis provided further experimental evidence. Thus we conclude that the FBDV1 is involved in the cryogenic autolysis of V. volvacea. This finding will aid in understanding the molecular mechanism of the cryogenic autolysis of V. volvacea.
